Our functional mapping study of murine gammaherpesvirus 68 (MHV-68, or ␥HV-68) revealed that a mutant harboring a transposon at the ORF49 locus (ORF49 null ) evidenced a highly attenuated in vitro growth. ORF49 resides adjacent to and in an opposite direction from RTA, the primary switch of the gammaherpesvirus life cycle. A FLAG-tagged ORF49 protein was able to transcomplement ORF49 null , and a revertant of ORF49 null restored its attenuated growth to a level comparable to that of the wild type. The FLAG-tagged ORF49 protein promoted the ability of RTA to activate downstream target promoters and enhanced virus replication from the ORF50 null virus in the presence of RTA. Furthermore, ORF49 enhanced wild-type virus replication by increasing the RTA transcript levels. Our data indicate that ORF49 may perform an important function in MHV-68 replication in cooperation with RTA.
68), are important pathogens as they are associated with various malignancies (19) . MHV-68 has been used as an animal model system for human gammaherpesviruses, based on its ability to establish both lytic and latent infections in vivo as well as in vitro (6, 16, 23, 25) .
Although latent infection is critical for gammaherpesvirusassociated malignancies, reactivation from latency and lytic replication have been suggested to be important in the persistence and pathogenesis of gammaherpesviruses (13) . An immediate-early protein, RTA (BRLF1 or ORF50), represents a sensitive switch system in the gammaherpesviruses (2-4, 15, 24, 27, 29, 30) . ZTA (BZLF1 or ZEBRA) and RTA in EBV (gamma-1 herpesvirus) perform essential functions in the disruption of viral latency, thereby activating downstream genes in a cooperative fashion (2-4, 7, 17, 30) . However, there is no functional ZTA homologue in gamma-2 herpesviruses and RTA alone is sufficient and necessary for the initiation of lytic replication (12, 24, (27) (28) (29) .
Our functional mapping study using a genome-wide mutant library of MHV-68 revealed that a mutant harboring a transposon at the ORF49 locus (ORF49 null ) manifested attenuated growth, thereby suggesting the important functions of ORF49 in virus replication in vitro (22) . As ORF49 is located adjacent to and in a reverse orientation relative to ORF50, the major coding region of RTA, it is conceivable that ORF49 may function in cooperation with RTA, the master switch gene of the virus life cycle.
ORF49 is thought to be a positional homologue of the BRRF1 gene (Na) of EBV, which is located in an opposite orientation between the immediate-early genes ZTA and RTA and expressed under the control of ZTA (20) . A recent study demonstrated that Na is a transcription factor that activates the ZTA IE promoter through its effects on c-Jun and suggested that Na enhances the RTA-mediated induction of lytic EBV infection in certain cell lines (9) . In this report, we determined the function of ORF49 in the replication of MHV-68 by using a genetic approach.
MATERIALS AND METHODS
Cells, viruses, and plaque assays. BHK21 (baby hamster kidney fibroblast cell line), 293T, and Vero (green monkey kidney cell line) cells were cultured in complete Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and supplemented with penicillin and streptomycin (10 units/ml) (HyClone). MHV-68 virus was originally obtained from the American Type Culture Collection (VR1465). The ORF49 null and the ORF50 null mutant viruses were generated by in vitro Mu transposition with an infectious bacterial artificial chromosome (BAC) clone of MHV-68 (pMHV-68) and purified STM transposons as described previously (22) . A marker rescue mutant of ORF49 null (ORF49 null MR) was generated by a two-step allelic exchange method as described by Smith and Enquist (21) . The donor strain was Escherichia coli GS111 carrying the shuttle plasmid pGS284/49WT, and the recipient strain was GS500 (recA ϩ ) harboring the BAC DNA of ORF49 null (pORF49 null ). The rescued site was confirmed by DNA sequencing, and the genome integrity of pORF49 null MR was examined by restriction enzyme digestion and Southern blot analysis as described previously (29) . Subsequently, either pORF49 null or pORF49 null MR was transfected into BHK21 cells by using Lipofectamine Plus (Invitrogen). The titers of the produced viruses were determined by plaque assays, using a monolayer of Vero cells overlaid with 1% methylcellulose. After 5 days of infection, the cells were fixed and stained with 2% crystal violet in 20% ethanol. Plaques were then counted to determine the titers. The representative pictures of distinct plaque morphologies were taken using an SZX9 stereomicroscope (Olympus).
Molecular cloning. MHV-68 ORF49 (nucleotides [nt] 66741 to 67643) was cloned into a vector, pCMV-FLAG2 or pEGFP-C1, using the EcoRI and BamHI sites. The inserted ORF49 DNA fragment was amplified via PCR from the MHV-68 genome (pMHV-68), using the primers ORF49F (5Ј-aga gaattc AAC AGAAAACATG GGGGATG-3Ј) and ORF49R (5Ј-cgc ggatcc CTACGAGGG AATTT CTGC-3Ј). In all sequences, the lowercase letters represent restriction enzyme sites and additional nucleotides for cloning the PCR product, and the uppercase letters represent viral or cellular sequences.
To construct the shuttle plasmid for the generation of pORF49 null MR, a 720-bp fragment (nt 66961 to 67680) was PCR amplified from the MHV-68 genome with the primers ORF49AF (5Ј-acgc gtcgac TCCACAATCGCTTCTA ACTC-3Ј) and ORF49BR (5Ј-cctt gcatgc TGCTTCGATCCGTGCCAGTCCT ATAAGAAC-3Ј) and cloned into pGS284 by using the SalI and SphI sites. The 720-bp fragment contains the transposon insertion site (nt 67320) at the center, with approximately 360 bp of the genomic sequence on each side. Each construct was DNA sequenced to confirm that there were no additional mutations, deletions, or insertions.
Cell transfection. Plasmid DNAs were prepared with the standard method by using a plasmid maxi or midi kit according to the manufacturer's recommendations (QIAGEN). For BHK-21 cell transfection, approximately 6 ϫ 10 5 cells were transferred to six-well culture plates 1 day prior to the experiment. Plasmid DNA or BAC DNA was transfected into cells by the use of Lipofectamine Plus (Invitrogen). The transfection into Vero cells was performed by the use of Lipofectamine 2000 according to the manufacturer's recommendations (Invitrogen). Cells were usually assayed at 2 days posttransfection, unless otherwise indicated. For the luciferase reporter assays, 3.5 ϫ 10 5 293T cells were transfected with 50 to 250 ng of FLAG-ORF49 and 50 ng of a reporter plasmid into 12-well plates in the presence or absence of the RTA-expressing plasmid (0.2 ng) by using a calcium phosphate transfection method. Each transfection for reporter assays was performed in triplicate and contained 40 ng of the ␤-galactosidase expression plasmid as an internal control. At 24 h posttransfection, cells were washed with 1ϫ phosphate-buffered saline (PBS) and subjected to reporter assays.
Viral DNA isolation and analysis by quantitative real-time PCR. Cell extracts were resuspended with lysis buffer (40 mM Tris [pH 7.7], 20 mM EDTA [pH 8.0], 0.2 M NaCl, and 1% sodium dodecyl sulfate) and incubated with proteinase K (0.5 mg/ml) overnight at 56°C. Genomic DNAs, including viral DNAs, were isolated by a standard method of phenol chloroform extraction and ethanol precipitation. Isolated viral DNAs were then treated with DpnI to remove input plasmid DNAs of the virus genome. The whole genomic DNA (50 ng) was used for real-time PCR. Real-time PCR was performed using SYBR green PCR and specific primers in a 20-l reaction mixture for M1 (M1F, 5Ј-CCTGGCCATGGTTACATACTC-3Ј; M1R, 5Ј-GGAACATA ATCCATAAGCAGGGT-3Ј) (18) . Real-time PCR was run at 50°C for 2 min and then 45 cycles at 95°C for 10 s, 58°C for 15 s, and 72°C for 20 s, followed by melting curve analysis. Real-time PCRs were performed in duplicate on an iCycler (Bio-Rad), and the results were analyzed according to the manufacturer's instructions.
Antibodies, Western blotting, and fluorescence and indirect-immunofluorescence assays. Cell extracts were analyzed with the following primary antibodies: rabbit polyclonal antibody to ORF26 (1:500), ORF45 (1:400), M9 (1:500), or MHV-68 (1:2,000) (10) and mouse monoclonal antibodies to FLAG tag (1: 5,000), ␤-actin (1:500), or ␣-tubulin (1:1,000). Anti-rabbit or anti-mouse immunoglobulin G (IgG) conjugated with horseradish peroxidase (Santa Cruz Biotechnology) was used as a secondary antibody. The proteins in the Western blots were detected by chemiluminescence detection (ECL Plus system; Amersham Pharmacia Biotech), and the signals were detected by using an image analyzer, Chemi-DOC XRS (Bio-Rad) or ProXPRESS 2D (Perkin Elmer). The same membranes were reprobed with antibody against actin or tubulin as a loading control.
For fluorescence and indirect-immunofluorescence assays, transfected cells were washed with 1ϫ PBS and then fixed with absolute methanol at Ϫ20°C for 10 min and permeabilized in ice-cold 1ϫ PBS for 5 min. The slides were then incubated with monoclonal anti-FLAG at 37°C for 1 h and incubated with rhodamine-conjugated goat anti-mouse IgG (Jackson) at 37°C for 1 h. To stain the cell nucleus, mounting solution containing 4Ј,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Inc.) was used. Slides were examined, and representative images were photographed on a confocal laser scanning microscope (LSM 5 Exciter) with LSM analysis software (Carl-Zeiss).
Promoter reporter assays. The luciferase reporter assay system (Promega) was used to measure promoter activity. Transfected 293T cells in 12-well plates were washed with 1ϫ PBS and incubated with 200 l of 1ϫ reporter lysis buffer provided by the manufacturer. Lysates were frozen, thawed once, and centrifuged at top speed in a microcentrifuge for 5 min. Lysates were analyzed for luciferase activity by using a 20/20 n luminometer (Turner BioSystem) and for ␤-galactosidase activity with ␤-galactosidase substrate buffer by using a Victor3 plate reader (Perkin Elmer). The ␤-galactosidase activates were used as an internal control. ) and then fixed at 48 h posttransfection. FLAG-tagged ORF49 was analyzed by indirect-immunofluorescence assays with anti-FLAG monoclonal antibody, followed by incubation with rhodamine-conjugated goat anti-mouse IgG (red). The GFP signals (green) from EGFP and EGFP fusion protein were visualized after fixation. (E) Subcellular localization of FLAG-tagged RTA and EGFP-fused ORF49 in cotransfected cells. Vero cells were cotransfected with FLAG-tagged RTA and EGFP-fused ORF49 and subjected to indirect-immunofluorescence assays as described for panels C and D. The nucleus was stained with DAPI (blue). All fluorescence images were obtained with a confocal laser scanning microscope.
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LEE ET AL. J. VIROL. virus. The ORF49 null virus was one of the six mutants that exhibited attenuated in vitro growth among a genome-wide random mutant library of MHV-68 (22) . This mutant library was generated using in vitro Mu transposition, with an infectious BAC clone of MHV-68 as a target template. Replicationcompetent mutants were reconstituted by transfecting their BAC DNAs into permissive cells (22) . The transposon-inserted site of ORF49 null (nt 67320; Tn49) is indicated in Fig. 1A . To confirm the attenuated phenotype of the ORF49 null virus, the ORF49 null virus was subjected to multiple-step growth curve analysis. Wild-type MHV-68 virus and an STM BAC mutant harboring a transposon at the sequence of the BAC plasmid were also tested as a control. While the wild type and the STM BAC virus were able to grow over 10 8 PFU/ml, ORF49 null never reached higher than 10 3 to 10 4 PFU/ml, indicating significant impairment of virus growth in vitro (Fig. 1B) . It was also noted that the average plaque size of the ORF49 null virus was smaller than that of the wild type (Fig. 1C) , thereby suggesting the important functions of ORF49 in virus replication in vitro.
Characterization of the MHV-68 ORF49 protein. MHV-68 ORF49 (nt 66741 to 67643) has been predicted to be translated in a leftward direction and to share its poly(A) site with ORF45, -46, -47, and -48 (Fig. 1A) (26) . The genomic sequence of ORF49 overlaps in reverse orientation with the first exon sequence of RTA (amino acids 1 to 12) (29) . Upon analysis by Vector NTI (Invitrogen), the MHV-68 ORF49 protein sequence indicates limited identities (13% to 17%) to its homologues in other gammaherpesviruses ( Fig. 2A) . In order to determine the functions of the ORF49 protein, the MHV-68 ORF49 genome sequence was cloned into a vector, pCMV-FLAG2 or pEGFP-C1. When pFLAG-ORF49 was transiently transfected into BHK21 cells, the FLAG-tagged ORF49 protein was expressed as a recombinant protein of the predicted size (ϳ35 kDa) (Fig. 2B) . The enhanced green fluorescent protein (EGFP)-fused ORF49 protein was also expressed as a recombinant protein of a similar size in addition to EGFP alone (data not shown).
To examine the subcellular localization of the ORF49 protein, Vero cells were transfected with pFLAG-ORF49 and subjected to indirect-immunofluorescence assays with anti-FLAG antibody using a confocal laser scanning microscope. At 48 h posttransfection, FLAG-tagged ORF49 was detected both in the cytoplasm and in the nucleus (Fig. 2C) . To verify this result, either pEGFP-ORF49 or pEGFP-C1 was transfected, and the results showed that ORF49 was evenly distributed throughout the cytoplasm and the nucleus, the pattern of which is similar to that of the pEGFP vector control (Fig. 2D) .
Ectopic expression of the FLAG-ORF49 protein transcomplemented the attenuated growth of the ORF49 null virus. In order to determine whether the FLAG-ORF49 protein is capable of rescuing the attenuated phenotype of ORF49 null , the BAC DNA of ORF49 null (pORF49 null ) was transfected into BHK21 cells along with increasing doses of pFLAG-ORF49. The BAC DNA harboring the entire genome of MHV-68 (pMHV-68) was also transfected as a control.
At the indicated time points, DNA was extracted from the cells and digested with DpnI to remove the transfected BAC DNA. Real-time PCR using primers against MHV-68 M1 was performed (18) . While pORF49 null transfection alone evidenced highly attenuated virus replication, cotransfection of pFLAG-ORF49 significantly increased the viral genome copy number of pORF49 null to a level comparable to that of the wild type (Fig. 3A) . Western analyses using polyclonal antibodies against ORF45 (viral tegument protein), ORF26 (capsid protein), and M9 proteins (ORF65, small capsid protein) (10) also null virus by FLAG-ORF49. Total genomic DNAs were extracted from the cells and digested with DpnI to remove the transfected BAC DNA. Real-time PCR using primers against MHV-68 M1 was performed to quantitate viral DNA, as described previously (18) . (B) Increased viral gene expressions of the ORF49 null virus. Total cellular lysates were prepared, separated on 12% gel, and subjected to Western analysis using polyclonal antibodies against ORF45 (tegument protein), ORF26 (capsid protein), and M9 (small capsid protein). ␣-Actin was used as a loading control. (C) FLAG-ORF49 promoted virion production of the ORF49 null virus. Cultured supernatants were harvested at 4 days posttransfection and subjected to plaque assays. Similar results were obtained from at least three independent experiments, and shown is a representative result. showed increased viral gene expressions from pORF49 null in pFLAG-ORF49 cotransfected cells in comparison to results with pFLAG-CMV (Fig. 3B) .
Moreover, cotransfected pFLAG-ORF49 increased infectious virion production in a dose-dependent manner, whereas the titers of infectious virions from pORF49 null were quite low, less than ϳ300 PFU/ml (Fig. 3C) . Consistent with our previous results, the average plaque size of the ORF49 null virus was smaller than that of the wild type and was not changed upon transcomplementation by ORF49 protein (data not shown). Therefore, our results indicated that the attenuated growth phenotype of the ORF49 null virus was due to disrupted expression of the MHV-68 ORF49 protein and that our cloned pFLAG-ORF49 protein expressed a functional ORF49 protein.
Generation of an ORF49 null marker rescue virus. To further confirm the results from transcomplementation of ORF49 null , we generated a marker rescue mutant of the ORF49 null virus by using a conventional two-step allelic exchange method with a wild-type ORF49 shuttle vector as described in Materials and Methods. A marker rescue mutant (ORF49 null MR) was analyzed by EcoRI digestion and Southern blotting and showed the expected DNA fragments except a top band indicated with an arrowhead (Fig. 4A and B) . The largest DNA fragment of ORF49 null MR bearing terminal repeats migrated faster than that of either the wild type or ORF49
null . The cells were transfected with pORF49 null and pORF49 null MR as well as pMHV-68. As demonstrated in viral DNA replication, viral gene expression, and infectious-virion production, ORF49 null MR restored the attenuated phenotype of ORF49 null to a level similar to that of the wild type (Fig. 4C to E) . The multiplestep growth curves of ORF49 null MR were also similar to those of the wild type (data not shown). Taken together, these results reinforce our hypothesis that disrupted expression of the MHV-68 ORF49 protein results in severe impairment of virus growth in vitro.
ORF49 functionally cooperates with RTA in virus replication and transactivation. In order to determine whether ORF49 can functionally cooperate with RTA to regulate virus replication, we utilized ORF50 null (nt 68815; Tn50) harboring a transposon insertion at ORF50, which would not replicate without the RTA protein provided in trans (Fig. 1A) . The BAC DNA of ORF50 null was transfected into BHK21 cells with various amounts of pFLAG-RTA in the absence or presence of ORF49 (Fig. 5) . Coexpression with ORF49 further promoted viral DNA replication and gene expression from ORF50 ( Fig. 5A and B) , thereby suggesting that ORF49 functions in cooperation with RTA to enhance viral gene expression and DNA replication. Considering that RTA functions as a potent transcription activator and that the EBV Na protein has been shown to encode a transcription factor (9, 20, 24, 29) , the further increase of virus replication in ORF50 null by ORF49 may be attributable to the further activation of downstream target genes by ORF49. In order to evaluate this possibility, we utilized two lytic promoter constructs, ORF57 (early) and M3 (early-late) of MHV-68 (11, 14) . RTA alone activated both promoters, and cotransfection with increasing amounts of ORF49 further enhanced RTA-mediated transactivation in a dose-dependent manner (Fig. 5C and D) . However, unlike the EBV Na protein, ORF49 itself failed to activate these promoters, suggesting that ORF49 participates in RTA-mediated transactivation on the lytic promoters, rather than directly activating the expressions of these genes.
ORF49 promotes virus replication of MHV-68 by increasing RTA expression. In our previous experiments using ORF50 null , we employed suboptimal doses of RTA (Ͻ5 ng) to emulate the early phases of virus replication. We then attempted to determine whether ORF49 may function in a similar way when enough RTA is expressed during virus replication. BHK21 cells were transfected with pMHV-68 in the absence or presence of pFLAG-ORF49. The results of Western analyses, realtime PCR, and plaque assays were all consistent with the notion that ORF49 overexpression further promoted viral gene expression, DNA replication, and the production of infectious virions from the wild-type virus (Fig. 6A to C) .
Since RTA is known to autoregulate its own expression (2, 5, 17) , this may be due to the functional cooperation of ORF49 with RTA on RTA's own promoter. Employing cDNAs converted from the total RNAs of these transfected cells, we conducted quantitative real-time RT-PCR in order to measure transcripts from ORF50 (immediate early). The ␤-actin gene was employed as a control. Compared with wild-type MHV-68 alone, coexpression with ORF49 resulted in a significant increase in the expression of the RTA transcripts in a dosedependent manner at all tested times, suggesting that ORF49 functionally cooperated with RTA of MHV-68 on RTA's own promoter (Fig. 6D) . The induction (n-fold) peaked at 3 days posttransfection. Using another set of primers (SH-50) that cross the splicing junction of the RTA transcript, we obtained similar results (Fig. 6D) . Transcription of downstream genes, such as the ORF57 (early), ORF29 (late), and ORF73 (latent) genes, was also expressed at higher levels, with faster kinetics in ORF49 cotransfected cells, in a dose-dependent manner, than in cells transfected with pMHV-68 alone. These results indicate that ORF49 may facilitate viral replication via promotion of the function for activation of downstream target genes and for autoactivation of the RTA promoter, which in turn increases the RTA expression.
To further examine whether this functional cooperation of ORF49 with RTA is, at least in part, due to colocalization of these proteins, we cotransfected pFLAG-RTA and pEGFP-ORF49 into Vero cells and examined their subcellular localizations by using a confocal laser scanning microscope. At 48 h posttransfection, the nuclear localization of the FLAG-tagged RTA protein was overlapped with that of ORF49 (Fig. 2E) . However, coexpression of RTA did not alter the subcellular localization of ORF49, as the ORF49 protein was also found in the cytoplasm. Whether or not the nuclear colocalization of RTA and ORF49 refers to direct physical interactions of these two proteins is currently under investigation.
In this report, we have investigated the functional role of the ORF49 protein in viral replication. We utilized two separate mutants of ORF49 and ORF50 to delineate the phenotypes and functional cooperation of these two genes, whereas the previous study on EBV BRRF1 utilized an RTA and BRRF1 double-knockout mutant virus (2, 5, 17) . The results from transcomplementation of ORF49 null by the FLAG-tagged ORF49 protein and from the ORF49 null marker rescue mutant strongly support the hypothesis that the highly attenuated growth of the ORF49 null virus was attributed to the disrupted expression of ORF49. MHV-68 ORF49 was capable of further enhancing lytic promoters that had been already activated by RTA and promoting a limited virus replication of ORF50 null , thereby suggesting that ORF49 facilitates the function of RTA at the protein level.
While EBV Na alone activated the ZTA IE promoter, MHV-68 ORF49 alone did not directly activate the lytic promoters. A recent study on KSHV ORF49 reported that it cooperatively activated several KSHV lytic promoters with RTA but was not able to activate them by itself (8) . Interestingly, there was no cooperation of KSHV ORF49 with RTA to activate the RTA promoter (8) . In contrast, MHV-68 ORF49 was able to further increase the transcription of RTA as well as other genes, which may collectively contribute to enhanced FIG. 6 . ORF49 promotes the replication of the MHV-68 virus via an increase in RTA transcription. No pFLAG-ORF49 or 100 ng (L) or 950 ng (H) of pFLAG-ORF49 was cotransfected into BHK21 cells with pMHV-68 (10 ng). The cells were harvested at 2, 3, and 4 days posttransfection. (A) FLAG-ORF49 increased viral DNA replication of the wild type (wt) in a dose-dependent manner. Total genomic DNAs were extracted and subjected to DpnI digestion prior to quantitative real-time PCR. (B) FLAG-ORF49 enhanced viral gene expression with faster kinetics. Total cellular lysates were prepared, separated on 12% gel, and subjected to Western analysis using anti-ORF45, anti-ORF26, and anti-M9 antibodies. ␣-Actin was utilized as a loading control. (C) Total virion production from the wild type was increased by FLAG-ORF49. Similar results were obtained from at least three independent experiments, and shown is a representative plaque assay result. (D) FLAG-ORF49 increased the levels of transcripts of RTA (immediate early), ORF57 (early), ORF29 (late), and ORF73 (latent) from wild-type MHV-68. Quantitative real-time RT-PCRs using ORF50-specific primers were conducted, and the relative ORF50 expression levels (n-fold) were calculated based on ␤-actin gene expression. Results are presented as the means for triplicates with their standard deviations. Another set of primers specific for the spliced transcript of RTA was utilized for RT-PCRs, and a representative gel picture is shown. The levels of ORF57, ORF29, and ORF73 transcripts were also measured via RT-PCR, and representative results are shown. ␤-Actin gene expression was utilized as a control. virus replication. Therefore, our results consistently indicated that ORF49 facilitates the function and/or expression of RTA to promote the replication of the MHV-68 virus.
